Abstract Chemotherapy resistance is an important problem often encountered during the course of breast cancer treatment. In order to design rational and efficacious therapies, the molecular mechanisms used by cells to develop resistance must be investigated. One mechanism employed by cancer cells is to alter cell signaling. This review examines the role of mitogen-activated protein kinases (MAPKs) and their endogenous negative regulators, mitogen-activated protein kinase phosphatases (MKPs), in chemotherapy resistance in breast cancer. MAPK signaling is activated in response to both growth factors and cellular stress. MKPs dephosphorylate MAPKs and are part of the dual-specificity family of phosphatases. MAPKs have been shown to be involved in resistance to tamoxifen, and MKPs have been linked to resistance to treatment with doxorubicin, mechlorethamine, paclitaxel, proteasome inhibitors, and oxidative-stress-induced cell death in breast cancer. The role of MKPs in tamoxifen resistance and the elucidation of the mechanisms involved with resistance to standard chemotherapy agents need to be investigated further. Growing evidence suggests that modulating MKP-1 activity could be a viable option to make breast cancer chemotherapy more effective.
Introduction
It was estimated that the year 2008 would see 184,450 new cases of breast cancer and 40,930 deaths from breast cancer in the USA [1] . Breast cancer is a heterogeneous disease with several subtypes that have been identified through analysis of gene expression patterns [2] . The subtype of breast cancer dictates which course of treatment each patient will receive. Tamoxifen (Nolvadex®) is the most frequently utilized endocrine therapy for the treatment of breast cancers that express estrogen receptor (ER) [3] . Tamoxifen is a selective estrogen receptor modulator, acting as an estrogen antagonist in breast tissue and an estrogen agonist in uterine tissue [4, 5] . Estrogen is thought to induce cell growth by upregulating stimulatory growth factors such as transforming growth factor alpha [6] . The primary mechanism of action of tamoxifen is to bind to the ligand binding domain of the estrogen receptor and prevent the effects of estrogen [4, 5] . Endocrine therapies are thought to induce cell cycle arrest and apoptosis through the decreased expression of cell cycle regulators that promote cell cycle progression like c-myc and cyclin D1, induction of cell cycle inhibitors such as p21 and p27, and inhibition of antiapoptotic signaling pathways through decreased bcl-2 and increased Bax expression [4] . Adjuvant endocrine therapy provides around a 50% reduction in the chance that the patient's breast cancer will recur [7] . Around 30% of ER-positive tumors do not respond to tamoxifen at the outset of treatment [4] . This is called de novo resistance. Acquired resistance, the development of resistance over the course of treatment, can come about through a variety of mechanisms and occurs in most tumors that initially respond to therapy [4] . Patients who present with metastatic breast cancer respond to first-line chemotherapies, which include anthracyclines and taxanes, at a rate of 30-70% [8] [9] [10] [11] . The time to disease progression for these patients is approximately 6-10 months [8] [9] [10] [11] .
Altered cell signaling has long been recognized as a mechanism employed by cells in the development and progression of cancer [12] . The mitogen-activated protein kinase (MAPK) pathway is just one of the many signaling modules that have been implicated in this process. The three major branches of the MAPK family are involved in both cell growth and cell death, and the tight regulation of these pathways is paramount in determining cell fate [13] . Endogenously, MAPKs are negatively regulated by mitogen-activated protein kinase phosphatases (MKPs) [14] . MKPs belong to the dual-specificity family of protein tyrosine phosphatases [14, 15] . Both the MAPKs and MKPs have been shown to be involved in chemotherapy resistance in breast cancer [3] [4] [5] [6] [7] [16] [17] [18] [19] [20] . While several MKPs can be highly expressed in human cancers, this review will focus on MKP-1 because it is the most studied and best-characterized MKP at this time. In order to gain a better understanding of the role MAPK signaling plays in the broader context of breast cancer and the development of chemotherapy resistance, the contribution of MKPs to this process needs to be examined further. Evidence is accumulating that suggests that targeting MKPs, MKP-1 in particular, could have potential therapeutic benefit for patients by making chemotherapy and endocrine therapy in breast cancer more effective.
MAPK signaling
There are three major branches of the MAPK signaling pathway in mammalian cells: the extracellular signal regulated kinases (ERK), the c-Jun N-terminal kinases (JNK), and the p38 MAPKs (Fig. 1) . ERK signaling is activated by growth factors, and it is generally involved in stimulating cell growth. JNK and p38 signaling is activated by growth factors, cytokines, and cellular stress. These two pathways can be responsible for both cell growth and cell death, depending on the activating stimuli and cellular context [13, 21, 22] . MAPK signaling follows a general paradigm in which the stimulus is received at the cell surface and is transmitted by a series of phosphorylation events to a MAP kinase kinase kinase (MKKK). Several enzymes can serve as MKKKs. For ERK, the MKKK is Raf [13] . JNK and p38 have several. For JNK, these include MEKK1, MEKK4, dual leucine zipperbearing kinase, MLK1-4, leucine zipper-bearing kinase, TAK1, ASK1, and zipper sterile-α motif kinase. MLK2, MLK3, dual leucine zipper-bearing kinase, ASK1, map three kinase 1, and TAK1 are the MKKKs for p38 [13] . The MKKK then phosphorylates a specific MAP kinase kinase (MKK). The MKKs for ERK, JNK, and p38 are MEK, MKK 4/7, and MKK 3/6, respectively. These MKKs in turn phosphorylate ERK, JNK, and p38 [13] . MAPKs are dually phosphorylated on threonine and tyrosine residues in a TXY motif [14] .
Once they are phosphorylated, the MAPKs are able to phosphorylate transcription factors, which then influence the transcription of their target genes. Downstream targets of ERK include ETS-1, c-Jun, and c-Myc. ETS-1 binds to DNA via an ETS domain and subsequently upregulates the transcription of p21, BID/BAX, which promote apoptosis, and matrix metalloproteinase (MMP)-1, MMP-3, MMP-9, and VEGF/VEGFR, which are involved in cell motility and angiogenesis [13, 16] . c-Jun, which dimerizes with c-Fos to form AP-1, has a variety of target genes. The genes affected depend on which isoforms of c-Jun and c-Fos make up AP-1 [13, 16] . c-Myc binds to E-box sequences in DNA after dimerizing with Max. Myc target genes include cyclin A, cyclin D, and cyclin E, which promote the cell cycle [13, 16] . ERK can also indirectly activate nuclear factor (NF)-κB by phosphorylating IκBα [16] . JNK signaling can be involved in both cell death and cell proliferation. One of the JNK target proteins is TAU, which is involved in the stabilization of microtubules through promotion of tubulin assembly [13] . Phosphorylation by JNK prevents this stabilization and can delay the cell cycle by inhibiting mitotic spindle formation. JNK can also phosphorylate c-Jun and IκBα, which tags them for ubiquitination and degradation by the proteasome [13] . The p38 pathway is the least characterized of all the MAPKs. One target that is known is mitogen-activated protein kinase activated protein kinase 2 (MAPKAP-K2). MAPKAP-K2 phosphorylates RNA binding effectors, such as tristetraprolin, heterogeneous ribonuclear protein A0, and poly(A) binding protein.
These molecules are involved in reducing the stability of MKP-1, vascular endothelial growth factor, and MMP mRNA [13] . p38 phosphorylation prevents the effectors from carrying out their function, thereby increasing the stability of their target mRNAs [13] .
MAP kinase phosphatases
MKP-1 is the founding member of the MKP family. MKPs are dual-specificity phosphatases (DUSPs) that recognize the TXY amino acid motif present in MAPK family members [14] . The active site signature motif of MKP family members is HCX 5 R [23] . MKP expression can be induced by factors that activate MAPKs, such as environmental stresses and growth factor stimulation [14, 24] . There are 11 MKP family members:
(DUSP8), and MK-STYX (DUSP24). These phosphatases can be grouped according to their subcellular localization. MKP-1, MKP-2, hVH3, and PAC1 are found in the nucleus. MKP-3, MKP-4, and MKP-X are found in the cytoplasm. MKP-5, MKP-7, and hVH5 are found in both the nucleus and the cytoplasm [14] . Substrate specificity differs slightly among the MKP family members. MKP-1 and MKP-2 can dephosphorylate all three MAPK family members. MKP-3, MKP-X, and hVH3 primarily target ERKs. MKP-5, MKP-7, and hVH5 inactivate JNK and p38, while MKP-4 and PAC-1 target ERK and p38 [14] . MKPs have a C-terminal catalytic domain and an N-terminal domain that contains two regions of sequence homology to the catalytic domain of the cdc25 phosphatase [25, 26] .
The most frequently studied member of the MKP family is MKP-1. MKP-1 can dephosphorylate all three members of the MAPK family, but it has a much higher affinity for JNK and p38, with a much lower affinity for ERK [27] . There is a region in the MKP-1 gene that can bind p53, and it has been shown that p53 can activate the transcription of the MKP-1 gene in vivo [28, 29] . This binding can induce p53-dependent MKP-1 expression in response to oxidative stress [29] . It is thought that constitutive MKP-1 gene expression blocks G1-specific gene expression. Inhibition of phosphatase activity interferes with p53-mediated G1 arrest in response to growth factors. Thus, through upregulation of MKP-1, p53 may negatively regulate the cell cycle in response to growth factor stimuli [28] .
MAPKs and endocrine therapy resistance
Studies have demonstrated that the MAPK pathway is involved in facilitating tamoxifen resistance [4, 7, [17] [18] [19] [20] . ERK phosphorylation and increased activity have been shown to be associated with endocrine resistance and decreased survival in breast cancer patients [7, 17] . One possible mechanism for this is ERK phosphorylation of Ser 118 in the ER, which leads to ligand-independent activation of the ER [4, 19] . The role, however, of Ser 118 phosphorylation in endocrine therapy resistance is not completely understood. Increased Ser 118 phosphorylation can be associated both with better and worse survival outcomes in breast cancer patients. It has been suggested that Ser 118 phosphorylation is a favorable prognostic indicator prior to endocrine therapy and an unfavorable one after tamoxifen resistance is acquired [4] .
Another possible mechanism of tamoxifen resistance involving the MAPK pathway is the overexpression of HER2. HER2 overexpression has been shown to result in the activation of the MAPK pathway in breast tumor cell lines, and exogenous inhibitors of HER2 signaling can partially restore sensitivity to antiestrogens [19] . Activation of HER2 seems to have a role in the growth of tamoxifen-resistant tumors, partly through nongenomic ER mechanisms, while genomic ER functions are suppressed [20] . Studies have shown that tamoxifen therapy slightly increases the expression of both EGFR and HER2 and that the expression of these molecules was greatly elevated in resistant tumors [1, 4, 20] . Clinical studies have demonstrated that patients whose breast cancers overexpress EGFR and/or HER2 are less likely to benefit from tamoxifen treatment [20] . It has also been shown that there is a strong correlation between HER2 expression and ERK and MKP-1 protein expression [13] . It is possible that EGFR and HER2 function to provide survival signals that override apoptotic programs in the cell. One mechanism that has been suggested is that HER2, by inducing the MAPK pathway, could protect ERK from inactivation by MKP-1, leaving it to deactivate JNK and p38 [13] . Another suggested mechanism involves the induction of cell cycle arrest following the activation of the MAPK pathway. In this situation, strong, sustained ERK activity leads to senescence or differentiation. Increased MKP activity may reduce this strong signal. The result is weak or transient ERK activity, which favors cell proliferation [13] . Increased p38 activity has also been observed in resistant tumors [4] . It is possible that activated p38 may promote resistance to tamoxifen because of its ability to phosphorylate the ER and enhance its nuclear functions [4] .
MAPKs and chemotherapy resistance
Approximately 15% of breast cancers do not express ER, progesterone receptor (PR), or HER2 [30] . This subtype is called triple-negative breast cancer or basal-like breast cancer. The two terms are not interchangeable, but they are roughly equivalent [30] . The difference between these groups is not particularly important for this analysis, so the term triple-negative breast cancer will be used from hereon in. Triple-negative breast cancers have an early age of onset and are common in premenopausal African or Hispanic women [31] . Since these cancers do not express ER, PR, or HER2, they do not respond to targeted therapy [32] . Triplenegative breast cancers have been shown to have a higher chemosensitivity when compared to other breast cancers, but patients who did not achieve pathological complete response were more likely to relapse than those with other types of breast cancer [32, 33] . These patients also have a significantly shorter survival time following the development of metastasis compared to patients who do not have triple-negative breast cancer, with a peak risk of recurrence between the first and third years following diagnosis [34] . The majority of deaths in patients with triple-negative breast cancer occur within the first 5 years [34] .
Research has shown that MAPK expression may be an underlying mechanism contributing to the generation of chemoresistance in triple-negative breast cancer [34] . Epidermal growth factor receptor, which is a receptor tyrosine kinase upstream from MAPK, has been shown to be overexpressed in up to 66% of triple-negative breast cancers [34] . Increased GF activity could lead to increased MAPK activity, which can contribute to an increase in cell growth. In addition, microarray data derived from primary tumor samples identified a cluster of genes associated with triple-negative breast cancer. Among these are genes that activate ERK, PI3K, AKT, p38, and NF-κB [2, 31] . Since triple-negative cancers do not respond to current targeted therapies aimed at the estrogen receptor and HER2, developing targeted agents aimed at the pathways that are activated in triple-negative breast cancer remains an important goal in cancer research. One potential target involved in chemoresistance may be MKP-1.
MKP-1 and chemotherapy resistance
MKP-1 expression has been shown to be altered in a variety of human cancers, including breast, lung, prostate, ovarian, pancreatic, liver, and gastric cancer [14] . Growing evidence suggests that MKP-1 may play a role in chemotherapy resistance (Fig. 2) . Overexpression of MKP-1 protected human lung cancer cells from cisplatin-induced death [35] . It was shown that MKP-1 targets JNK in response to cisplatin, leading to increased c-Jun activity and that MKP-1 −/− mouse embryo fibroblasts (MEF) were more sensitive to cisplatin and etoposide (VePesid®) than MKP-1 +/+ MEF cells. This study also demonstrated that activation of JNK is required for sensitizing cells to cisplatin [35] . It has also been shown that induction of MKP-1 after treatment with cisplatin is a general event in ovarian cancer cell lines, with knockdown of MKP-1 by siRNA increasing cisplatin-induced cell death [21] .
MKP-1 is also overexpressed in a large proportion of breast cancers [36] . One study showed that there was an increase in JNK expression in malignant tissue samples from breast cancer patients, accompanied by an approximate 30% decrease in JNK activity in comparison to corresponding normal tissue. Further experiments in this same study showed a significant increase in MKP-1 and MKP-2 in the malignant tissue [36] . Overexpression of MKP-1 was able to protect breast cancer cells from chemotherapy-mediated apoptosis when they were treated with doxorubicin (Adriamycin®), mechlorethamine (Mustargen®), and paclitaxel (Taxol®) [37] . This is significant because many chemotherapy drugs, including anthracyclines, alkylating agents, and taxanes, use JNK activation to carry out their anticancer activity [22, 37] . Treatment of breast cancer cell lines with anthracyclines resulted in the repression of MKP-1 and increased phosphorylation of ERK [38] . Further silencing of MKP-1 with siRNA resulted in decreased ERK activation, but the mechanism for this remains unclear [38] . A similar study looked at MKP-1 overexpression in 30 tissue sections and found that MKP-1 was overexpressed in all in situ carcinomas (n=18) and in 50% of infiltrating carcinomas (n=30) [39] . This study also further characterized the effect of doxorubicin treatment ex vivo in 50 patient samples. MKP-1 expression was decreased in 39 samples while the other 11 samples showed a modest increase in MKP-1 levels [39] . In the 27 tumors that did not exhibit overexpression of MKP-1, treatment with doxorubicin further decreased MKP-1 levels, but there was no significant change in MKP-1 in the 23 tumors that did overexpress MKP-1 [39] . A decrease in MKP-1 activity could mean an increase in ERK signaling. Additionally, a study of 96 patients showed that those who harbored MKP-1 overexpression were more likely to experience relapse than those who did not [39] . Proteasome inhibition has been linked to the induction of MKP-1 expression [40] . This resulted in a decrease in ERK signaling, and further blockade of ERK led to an increase in proteasome-inhibitor-mediated apoptosis [40] . This induction of MKP-1, however, is thought to also limit the efficacy of proteasome inhibitors because of a subsequent decrease in JNK activity, resulting in decreased levels of apoptosis [41] . Knockdown of MKP-1 resulted in increased proteasome inhibitor sensitivity [41] . Interestingly, evaluation of a combination treatment with proteasome inhibitors and doxorubicin in breast cancer showed increased apoptosis, a decrease in MKP-1 levels, and an increase in JNK phosphorylation in vitro and resulted in delayed tumor growth in an in vivo xenograft model [41] . A combination of proteasome inhibitor treatment and p38 blockade also inhibited MKP-1 expression, increased JNK activity, and increased apoptosis in the A1N4-myc and BT474 breast cancer cell lines [42] . The activation of the glucocorticoid receptor can also inhibit paclitaxel-induced apoptosis by preventing it from inducing ERK and JNK activation [43] . Generally, glucocorticoids protect against apoptosis due to growth factor withdrawal in breast epithelial cells. The activation of the glucocorticoid receptor has been shown to lead to an increase in MKP-1 mRNA and using siRNA directed at MKP-1 decreases the antiapoptotic activity of glucocorticoids [43] . Inhibition of JNK and p38 signaling by overexpression of MKP-1 also increased resistance to H 2 O 2 -induced death in MCF7 breast cancer cells, with a correlation between MKP-1 induction and the disappearance of phosphorylated MAPKs, suggesting that MKP-1 might play a physiologic role in the inactivation of oxidative-damage-induced MAPK activities [22] . Furthermore, loss of MKP-1 sensitized cells to oxidative-damageinduced death [22] .
The role that MKP-1 plays in breast cancer endocrine and chemotherapy resistance is an area that should be investigated further, keeping in mind the goal of translating research findings into clinical benefit for patients. The contribution of MKP-1 to tamoxifen resistance is not yet known, but a study done by Cui et al. demonstrated that MKP-3 was overexpressed 19-fold and eightfold, respectively, in MCF-7 and T47D cells that were resistant to tamoxifen compared to their parental lines [17] . Loss of MKP-1 activity has been shown to increase chemosensitivity in lung cancer and ovarian cancer [21, 35] , but studies examining this effect in breast cancer are limited. Due to the fact that MKP-1 can dephosphorylate all three of the MAPK family members, there is an inherent complexity in this signaling pathway. It is probable that each of the branches of the MAPK family makes different contributions to therapy resistance. Whether overexpression or knockdown of MKP-1 is the necessary modulation to attempt to improve chemosensitivity will likely depend on which pathway is the most active in the cancer cells. Given that MKP-1 has a preference for dephosphorylating JNK and p38 over ERK and that these two pathways are exploited by a variety of chemotherapy drugs to facilitate apoptosis, it is probable that knockdown of MKP-1 will result in a decrease in therapy resistance. Further research in this area is necessary to illuminate whether or not this is indeed the case in breast cancer. An additional challenge that adds complexity to the problem of therapy resistance is that multiple signaling pathways can be activated simulta- Fig. 2 MKP-1 and chemoresistance. Overexpression of MKP-1 plays a role in the development of resistance to chemotherapy in breast, lung, and ovarian cancers. In breast cancer, decreased JNK and p38 activity contributes to resistance to oxidative-stress-induced death. Treatment with proteasome inhibitors increases ERK and decreases JNK activity, leading to proteasome inhibitor resistance because of decreased levels of apoptosis. Activation of the glucocorticoid receptor increases MKP-1 mRNA and causes decreased JNK and ERK activity, which factors in to paclitaxel resistance. Cisplatin resistance in lung and ovarian cancer is caused in part by decreased JNK activity neously. A thorough investigation of the relationships between them is necessary to discover potential functional redundancies or mechanisms used to compensate for the blockade of a portion or the entirety of a particular pathway.
Conclusion
Chemotherapy resistance in breast cancer is a complex problem. There is growing evidence that MAPKs and their endogenous negative regulators, MKP, play a role in the development of resistance and that modulation of MKP-1 expression may improve chemosensitivity in cancer cells. Previous research in lung and ovarian cancer suggests that the loss of MKP-1 improves response to treatment in vitro. This sheds a light on the need to develop clinically relevant inhibitors to MKP-1. If successful, MKP-1 inhibitors could be used in combination with treatments already available to bring additional benefit to breast cancer patients. Further research must be conducted to ascertain an overall representation of the contribution of MAPKs and MKPs to therapy resistance in breast cancer, but previously conducted studies indicate that this is an important avenue to pursue.
